We use a hemispheric sapphire lens in combination with an offaxis parabolic mirror to demonstrate high-resolution vibrationally resonant sum-frequency generation (VR-SFG) microscopy in the mid-infrared range. With the sapphire lens as an immersed solid medium, the numerical aperture (NA) of the parabolic mirror objective is enhanced by a factor of 1.72, from 0.42 to 0.72, close to the theoretical value of 1.76 ( = n sapphire ). The measured lateral resolution is as high as 0.64 μm. We show the practical utility of the sapphire immersion lens by imaging collagen-rich tissues with and without the solid immersion lens.
Introduction
Optical microscopy with mid-infrared (MIR; 2.5-25 μm) light enables spectroscopic imaging with contrast based on molecular vibrational modes. Several linear and nonlinear optical imaging techniques with vibrational contrast have been developed for biological applications in the MIR region with high sensitivity [1] [2] [3] [4] [5] [6] [7] . Among these, vibrationally resonant sumfrequency generation (VR-SFG) microscopy is a second-order nonlinear optical imaging technique, which is sensitive to samples with noncentrosymmetry [6] [7] [8] [9] [10] [11] [12] . VR-SFG is suitable for imaging biopolymers with a nonvanishing second-order susceptibility χ (2) , such as collagen, microtubules and cellulose. The molecular modes in VR-SFG are excited with an optical frequency ω 1 in the MIR range, followed by an upconversion with a second optical frequency ω 2 in the visible/near-infrared range to generate a visible signal at ω 1 + ω 2 . Since χ (2) is frequency dependent in the MIR range, the signal grows stronger when the ω 1 frequency approaches resonances of SFG-active molecular vibrational modes. An attractive feature of objective-based VR-SFG microscopy is that it enables MIR-based imaging with a spatial resolution well below a micrometer, as the size of the probing volume is defined by the product of the MIR and the visible/NIR excitation spots [6, 7] . In addition, the visible signal can be efficiently captured with standard optics and detected with sensitive photodetectors in the visible range. Nonetheless, the VR-SFG resolution is inferior to that of conventional forms of optical microscopy, because the high numerical aperture (NA) refractive objectives that are commonly used in the visible/NIR region are incompatible with MIR excitation light. Objective-based VR-SFG microscopy has been achieved with allreflective objectives such as Schwarzschild-type lenses [6, 7] . Although Schwarzschild lenses are commercially available, their maximum NA is presently 0.65, which is well below the NA of standard refractive objectives. Moreover, the Schwarzschild objective features a central obscuration that affects the shape and size of the focal volume compared to refractive objectives [13, 14] . The central obscuration produces a point-spread function that exhibits more pronounced diffraction side lobes in the lateral dimension, and an elongated profile in the axial dimension. These unwanted properties of the focal excitation fields produce distorted images, result in exceptionally poor axial resolution and give rise to inefficient nonlinear signal generation [15] .
Evidently, these complications have prevented VR-SFG microscopy to reach its full potential. Alternative excitation schemes that improve the quality of the focal volume are highly desirable. In this work, we make an important step towards improving the imaging performance of the VR-SFG microscope. Our scheme is based on the use of an all-reflective off-axis parabolic mirror of short focal length and wide aperture. To further enhance the focusing capability of the parabolic mirror, we implement a solid immersion lens (SIL) method, where the high refractive index of the lens material increases the effective NA of the focusing system [16] [17] [18] [19] [20] [21] [22] . The SIL technology has been previously used in optical pickup devices to increase the data density of optical data storage systems [23] [24] [25] [26] . Here we implement an off-the-shelf, hemispheric sapphire SIL for simultaneously focusing MIR and NIR to demonstrate high-resolution VR-SFG imaging with an effective NA of 0.72. We show that this simple and cost-effective solution produces high quality SFG images of collagen-rich biological tissues such as tendon and cornea.
Experimental setup
The basic optical layout of the VR-SFG microscope along with a depiction of the sapphire hemispheric SIL (Edmund Optics, diameter 6.35 mm) is shown in Fig. 1 . The SFG excitation scheme is based on our previous report [6] , where tunable MIR and a NIR pulse trains (6 ps pulse width, 76 MHz repetition rate) generated from an optical parametric oscillator (Levante OPO, APE Berlin) are combined on a dichroic mirror in a collinear fashion as shown in Fig.  1 . The beams subsequently pass through an all-reflective telescope, which consists of two offaxis parabolic mirrors (ThorLabs Inc., effective focal length = 25.4 mm and 203.2 mm). After the telescope, the beam diameter is about 25 mm. The distance between the two parabolic mirrors is made adjustable to obtain an exact confocal geometry. The latter is important for minimizing the aberration arising from a non-perfect confocality, which may introduce distortions to the excitation volume in the focal plane. The achromaticity of the all-reflective telescope is a significant advantage for our SFG experiments relative to refractive optics. Since the incident frequencies ω 1 and ω 2 are notably different, optimization of achromaticity is essential for achieving acceptable imaging properties of the VR-SFG microscope.
Before focusing, the ω 1 and ω 2 beams are linearly polarized in parallel fashion. The expanded beams are incident on a short focal length off-axis parabolic mirror (Edmund Optics, focal length = 25.4 mm), which acts as an objective lens and forms a focal spot in the sample. When the aperture of the mirror is filled, the effective NA of the focusing element is 0.42. The sapphire SIL is placed above the parabolic mirror in such a way that the focal point is just above the SIL flat surface, as illustrated in Fig. 1 . To do so, we observe the partially reflected beam from the SIL spherical surface and retrace it to the incoming beam path. The MIR wavelength was tuned to 3.4 μm (2945 cm −1 ) corresponding to the methylene mode of collagen, and the associated NIR beam was set at 775 nm. The samples are put on the SIL surface and raster-scanned using a two-axis piezo translation stage for generating 2D images. The SFG signal is detected in the forward propagation direction by a photomultiplier tube (PMT) via the condenser lens and a 632 ± 22 nm bandpass filter. 
Ray tracing through the sapphire SIL
To optimize the experimental layout, we perform ray tracing and point spread function (PSF) simulations using commercial software (ZEMAX) for modeling the performance of the sapphire SIL in combination with the off-axis parabolic mirror. To model the effect of the reflective mirrors, we assume that the radiation after the last focusing mirror can be described as a perfect converging spherical wavefront, which is incident on the SIL. After passing through the SIL, the light propagates into the water medium, which closely mimics the experimental situation. The refractive indices of sapphire used in the simulations are 1.76 and 1.70 at the wavelengths 775 nm and 3.4 μm respectively, while those of water are 1.33 and 1.42 respectively. The diameter of the hemispheric SIL is 6.35 mm. Only the ordinary wave for birefringent sapphire is considered here. Because the polarization of incident laser beams can be adjusted precisely to either orientation in actual experiments, and the refractive index difference is less than 0.5% between two polarizations, the assumption of one ordinary index value is appropriate.
The ray tracing and focal intensity calculation results for three cases are shown in Fig. 2 . Figure 2 (a) represents the focusing beam from the parabolic mirror (at the bottom; not shown) with an effective NA 0.42 without SIL, where the wavelength is set to 775 nm. The beam is focused onto the air-water interface and produces a diffraction-limited spot, as shown in Fig.  2(d) . The full-width at half-maximum (FWHM) of the spot is 1.07 μm. Figure 2 (b) and 2(e) show the corresponding results with the SIL inserted. The FWHM at the flat SIL surface is reduced by n sapphire (n sapphire = refractive index of sapphire, 1.76) to provide a focal spot with a width of 0.61 μm; a direct manifestation of the increased NA. These results model the situation relevant to SIL focusing in optical pickup applications, where the evanescent field within ~200 nm from SIL surface plays an important role in reducing the focal spot size relative to the focus formed through free-space diffraction. In the present study, however, because the incident converging angle is below the critical angle at the sapphire-water interface, no evanescent field is generated. This implies that focusing with an increased effective NA is not limited to the region near the interface, but can instead be achieved deeper into the water medium. Figure 2(c) shows the case in which the focal point is placed 10 μm above the SIL surface. Figure 2(f) shows that the FWHM of the focal intensity in this case is comparable to the situation in Fig. 2(e) . The result is intriguing in that high-resolution imaging is still possible for objects placed away from the SIL surface.
To model the situation of deeper focusing in Fig. 2(c) , we decrease the distance between parabolic mirror and SIL by 20 μm to raise the focus above the SIL surface. We find that the reduced FWHM persists up to ~20 μm from the SIL surface. Beyond this distance, spherical aberration starts to become more significant, which broadens the focal volume. The 20 μm range is relevant for the present study because the penetration depth of water is around 10 μm in the MIR region of interest [27] . The PSF calculation results for the MIR excitation wavelength of 3.4 μm are shown in Fig. 2(g)-2(i) for similar scenarios. We note that as the focal point is removed farther away from the SIL surface (as in Fig. 2(c) ), chromatic aberrations in the sapphire material grow more significant. The refractive index difference between the 775 nm and 3.4 μm excitation wavelengths amounts to 3.4%, which introduces a small chromatic focal shift of ~1.2 μm when focusing 10 μm deep into the sample. This chromatic focal shift is small compared to the axial extent of the focal volume, which amounts to 3.5 μm FWHM at a focusing depth of 10 μm.
An important advantage of the current configuration is the lack of a central obscuration in the focusing geometry. To illustrate this point, we have performed calculations of the axial FWHM at the focusing depth of 10 μm when the central portion of the incident beam is blocked by an opaque pupil. We find that, if the pupil area is 15% of the total beam area, the axial FWHM is increased by 26%. When the pupil area is increased to 25% of the total beam area, elongation along the axial dimension is increased by 43%. These calculations confirm that central obscuration of the beam significantly affects confinement along the axial coordinate.
We note that a maximum NA of up to 1.33 for water-dipped samples is, in principle, possible by either increasing the mirror diameter or further decreasing the focal length of the parabolic mirror. 
Experimental results and discussion
To test the imaging performance and measure the spatial resolution of solid immersion VR-SFG microscopy, we use 0.30 μm diameter barium titanate (BaTiO 3 ) nano-particles as the imaging target. BaTiO 3 exhibits a high second-order nonlinear susceptibility χ (2) , and produces a strong nonresonant SFG signal. The sample is prepared directly on the flat SIL surface. Without polarization adjustment, we obtain the imaging result as shown in Fig. 3(a) . It clearly shows duplicate images of nano-particles aggregates as indicated by the pairs of white arrows. This effect results from the birefringence of the sapphire SIL, which generates two focal spots corresponding to two different polarization states of the incident laser beams. It can be seen from Fig. 3(a) that the two duplicate images show slightly different shapes, possibly because the BaTiO 3 nano-particles may respond differently to different polarizations. Next we rotate the incident linear polarization to select for one dominant (linear) polarization state at the sample, producing the image shown in Fig. 3(b) . This confirms that proper care of the polarization state of the incident light is required when using birefringent SILs for optical microscopy applications. We next focus on a single nano-particle to determine the spatial resolution, by raster scanning the target through focus. Note that the actual scanning range of the piezo translation stage is 1.76 times larger than the recorded image area. This is due to the fact that the SIL physically moves with the sample and acts as a de-magnifier with the magnification ratio 1/n sapphire for the incoming beam [19] . From the imaging results shown in Fig. 4(b) , we observe that the spot size is much reduced compared to the image measured without the sapphire SIL (Fig. 4(a) ). Comparing the intensity profiles across the two spot images, we find that the PSF is reduced by a factor of 1.72 from 1.1 μm to 0.64 μm, very close to the theoretical value of 1.76. Because the MIR focal spot size is much bigger than the NIR spot size as shown in Fig. 2(g)-2(i) , the spatial resolution of VR-SFG microscopy is predominantly governed by the NIR focal spot. Due to the absence of a central obscuration in the off-axis parabolic objective mirror, an annular focal pattern that is typical for Schwarzschild reflective lenses [5, 6] , is not observed here. The inset in Fig. 4(a) shows the focal spot shape (not scaled) encountered when the confocality of the two parabolic mirrors in the beam expanding telescope is lifted to a 3~4 mm mismatch, showing severe coma-shaped aberrations. Fig. 4 . Point spread function measurement results of VR-SFG microscopy (a) without SIL and (b) with SIL. A single nano-particle of barium titanate was raster-scanned across the focal spot for each case. It is clearly shown that the system NA is enhanced by the sapphire SIL, close to a factor of n sapphire . The red curves are Gaussian fits to the measured data. The inset in (a) shows the focal spot shape (not scaled) encountered when the confocality of two parabolic mirrors in the beam expanding telescope is slightly broken. The fields of view are 11.4 μm x 11.4 μm for both images.
Finally we apply the solid immersion VR-SFG microscope to imaging collagen fibers in rat tail tendons and hawk cornea. The MIR wavelength is tuned to the 2945 cm −1 resonance of the methylene modes in collagen. The tissue samples are put directly on top of the flat SIL surface. A drop of water is used for immersion, and the sample is covered with a glass coverslip. The power levels of the parallel polarized NIR and MIR beams are 16 mW and 5 mW at 775 nm and 3.4 μm, respectively, as measured before the SIL. In Fig. 5 , VR-SFG images are shown for the situation with (5b, d) and without ( Fig. 5(a), 5(c) ), the sapphire SIL. The total acquisition time for each image was 1 minute for an image with 256 × 256 pixels, primarily limited by the scan speed of the piezo translation stage rather than the magnitude of the VR-SFG signal. In general, we observe that the images obtained with the SIL show finer collagen structures and more details compared to the images without the SIL. The more pronounced details are a direct consequence of the improved lateral resolution provided by the solid immersion. Compared to previous implementations of VR-SFG microscopy, the approach presented here has several important advantages. First, the use of an all-reflective telescope and focusing mirror represents a simple yet effective method for generating the dual-color VR-SFG excitation volume. Reflective optics minimize chromatic aberrations, which is especially important when focusing NIR and MIR light to the same focal spot in a collinear fashion. Second, off-axis parabolic mirrors enable focusing without the central obscuration that is inherent to Schwarzschild focusing optics. The clear aperture enables the formation of a clean focus, with minimum diffraction side lobes. Importantly, the elongated focus characteristic of Schwarzschild focusing is absent in the current approach, allowing signal generation from an excitation volume that is more confined in the axial dimension. Using off-the-shelf parabolic mirrors, we readily achieve VR-SFG imaging with an effective NA of 0.42. Third, the use of a hemispheric sapphire solid immersion lens significantly improves the resolution of the focusing system. Sapphire exhibits excellent transparency and a high refractive index over a wide spectral range from the ultraviolet to the mid-infrared (more than 80% transmission in the 400 nm to 3.5 μm window). Our theoretical analysis indicates that the chromatic aberrations introduced by the sapphire material are small compared to the axial resolution. Our experiments indicate that clean and confined SFG excitation volumes can be produced with the SIL, giving rise to a lateral resolution improvement by a factor of 1.72, in close agreement with the theoretically predicted value. Using this inexpensive configuration, we achieve VR-SFG imaging of biological samples with a resolution of 0.64 μm.
Although this performance rivals the lateral resolution attained with commercial Schwarzschild objectives, it is important to underline that the images obtained with SIL focusing are not distorted by side lobes of the PSF and that the axial extent of the focal volume is markedly reduced. Our calculations show an axial resolution of 3.5 μm, which is significantly higher than what can be theoretically obtained with Schwarzschild-type lenses. Even though the current mounted SIL configuration prevents us from performing an axial scan to experimentally verify the axial resolution, it is clear from focal volume simulations that the absence of the center obscuration significantly improves the confinement along the axial dimension.
An important shortcoming of the current implementation is the fact that the SIL is mounted directly to the sample. In this configuration, the optical axis of the SIL is continuously displaced relative to optical axis of the system while scanning the translation stage. As the SIL axis moves away from the system axis, aberrations are introduced, which consequently limit the extent of the field-of-view (FOV). The effective FOV is a function of wavelength, lens diameter, incident NA, and refractive index of the SIL [28] . A larger SIL provides a larger FOV. In our case, the diameter of the FOV is as large as 140 μm, much larger than the FOV of the images presented here. However, this limited area eventually makes it difficult to access different regions in the sample as the lens is mounted directly to the specimen. To solve this problem, we are currently considering a new design of the SIL that is composed of two elements, consisting of a thin plan-parallel plate and a thick planar convex spherical lens. The combined thickness of two pieces can be manufactured to match the radius of the original SIL. The sample is then positioned on the plate, while sliding over the flat surface of the lens, with the lens axis fixed while scanning.
Although sapphire is a hard material with a high refractive index, its birefringence complicates the alignment procedure. Other high refractive index materials that are optically isotropic, such as ZnSe, would simplify the alignment of the microscope. Future studies will focus on finding alternative materials for the solid immersion lens to improve the imaging properties of the microscope.
Because of the vast chromatic shifts between the excitations wavelengths, achieving highresolution VR-SFG is a challenge. In this work, we show that some of these challenges can be overcome with relatively inexpensive focusing optics. The combination of an off-axis parabolic mirror and a sapphire SIL yields a lateral resolution of 0.64 μm, with a higher degree of 3D confinement than what was previously obtained with Schwarzschild objectives. Improving the lateral resolution further is relatively straightforward by increasing the aperture of the off-axis parabolic mirror. The possibility to reach higher resolution in VR-SFG with off-the-shelf optical components is significant, as it avoids the need for expensive, customdesigned reflective objectives, thus opening up the way for further development of VR-SFG microscopy into a practical high-resolution imaging technique.
Conclusion
We demonstrate high spatial resolution solid immersion VR-SFG microscopy in the MIR region by combining an off-axis parabolic mirror and a hemispheric sapphire SIL. Using the parabolic mirror as an objective lens, the central obscuration inherent to Schwarzschild objectives can be avoided, producing clean diffraction-limited focal volumes. The implementation of a sapphire solid immersion lens improved the effective NA of 0.42 to NA 0.72, in close agreement with theory. This focusing configuration can be extended to design
